Herrera VL, Bagamasbad P, Didishvili T, Decano JL, Ruiz-Opazo N. Overlapping genes in Nalp6/PYPAF5 locus encode two V2-type vasopressin isoreceptors: angiotensin-vasopressin receptor (AVR) and non-AVR. Physiol Genomics 34: 65-77, 2008. First published April 15, 2008 doi:10.1152/physiolgenomics.00199.2007.-The angiotensin-vasopressin receptor (AVR) responds with equivalent affinities to angiotensin II (ANG II) and vasopressin and is coupled to adenylate cyclase and hence a V2-type vasopressin receptor. AVR maps to the Nalp6 locus and overlaps with the larger Nalp6/PYPAF5 reported to be a T cell/granulocyte-specific, cytoplasmic-specific proapoptotic protein, thus questioning the existence of AVR. Here we confirm, through different experimental modalities, that AVR is distinct from Nalp6/PYPAF5 based on different mRNA and protein sizes, subcellular localization, and tissue-specific expression patterns. Binding studies of PYPAF5-specific Cos1 transfectants detect high-affinity binding to vasopressin but not ANG II, thus assigning PYPAF5 as a non-AVR (NAVR). Signaling array analysis reveals that AVP stimulation of AVR-and NAVR-specific Cos1 transfectants results in diametrical activation as well as coactivation of signaling pathways known to mediate renal sodium and water balance. Likewise, ANG II stimulation of Cos1-AVR transfectants reveals a signaling profile distinct from that of AVP-stimulated Cos1-AVR transfectants. Analysis of genomic organization of the AVR/NAVR locus shows an overlapping gene arrangement with alternative promoter usage resulting in different NH2 termini for NAVR and AVR. In addition to core promoter elements, androgen and estrogen response elements are detected. Promoter analysis of NAVR/AVR 5Ј-regulatory region detects transcriptional upregulation by testosterone and synergistic upregulation by testosterone and estrogen, thus suggesting that AVR and/or NAVR contribute to sex-specific V2-type vasopressin-mediated effects. Altogether, confirmation of AVR and identification of NAVR as vasopressin receptors are concordant with emerging vasopressin functions not attributable to V1a, V1b, or V2 receptors and add molecular bases for the multifunctional complexity of vasopressin-mediated functions and regulation.
vasopressin sexual diergism; testosterone; estrogen; signaling pathway THE ANGIOTENSIN II-VASOPRESSIN receptor (AVR) was originally isolated from a rat kidney cDNA library and shown through functional studies to respond with equivalent affinities to angiotensin II (ANG II) and vasopressin and coupled to adenylate cyclase (47) . AVR has been implicated in salt-sensitive hypertension susceptibility through linkage analysis of an F2 rat intercross study and subsequent elucidation of an N119S/ C163R variant in Dahl salt-sensitive rats that exhibits sodiuminduced dysfunction (48) . RNA blot analysis with the AVR probe, now known to be common to AVR and Nalp6 (NACHT, leucine-rich repeat and PYD-containing 6)/PYPAF5 (PYRINcontaining apoptotic protease-activating factor-5-like protein), detects different-sized transcripts, a 2.5-kb mRNA detected abundantly in kidney and larger transcripts detected in several tissues including liver, lung, adrenal gland, aorta, heart, brain, and kidney (47) . Oligonucleotide in situ hybridization detects AVR transcripts in supraoptic neurons (25) , suggesting a role in modulation of vasopressin-mediated neuronal functions. As a dual ANG II/AVP receptor, AVR provides a mechanism for cross talk between the ANG II and vasopressin receptor systems.
Recently Albrecht et al. (4) reported that AVR is contained in a larger protein, PYPAF5, which is identical to Nalp6 and belongs to a family of proteins comprised of PYRIN and caspase activating recruitment (CARD), nucleotide-binding oligomerization, and leucine-rich repeat domains. Human PYPAF5 has been reported to be recruited by PYRIN-CARD protein ASC (apoptosis-associated speck-like protein containing a CARD) to distinct cytoplasmic loci and to synergistically activate NF-B and procaspase-1 when coexpressed with ASC (17) . On the basis of computational analysis and the fact that PYPAF5 and other members of this family of proteins are described only as cytosolic proteins (17) , the existence of AVR as a transmembrane receptor was questioned (4) , although analysis of membrane protein isolates was not done.
However, in the context of the emerging complex paradigm of overlapping genes with different genomic organizations such as sense/antisense overlap or unistrand overlap, involving both exons and regulatory regions and involving not just two genes but three genes (53) , the deduction by Albrecht et al. (4) that the larger PYPAF5 spanning AVR negates the existence of AVR, the shorter protein, is questioned. The concept of overlapping genes is further supported by the mechanism of alternative promoter usage in mammalian genes in which different transcripts and hence proteins are produced from the same genomic region sharing exons but not all, resulting in proteins with different NH 2 termini as seen in the case of peroxisome proliferator-activated receptor (PPAR)-␥ and p73 genes (35) , and which would resemble the case for AVR and PYPAF5/ Nalp6. The mechanism of alternative promoters also results in different proteins through different exon usage and translation frameshifts as seen in the case for INK4a/ARF and p21/p21B (35) , thus supporting the argument that detection of overlapping transcripts/proteins is not valid grounds to negate the existence of the smaller transcript/protein.
Moreover, from a functional perspective, elucidation of vasopressin receptor functions that are not attributed to the currently identified vasopressin receptors V1a, V1b, or V2 provides physiological corroboration that indeed there must be other vasopressin receptors besides the prototype V1a, V1b, and V2 receptors (49) .
We therefore investigated the hypothesis that AVR and PYPAF5 are overlapping genes in the Nalp6 locus with distinct physiological functions and that AVR is a membrane-bound vasopressin receptor. Stepwise analysis of DNA, RNA, protein, and cell-specific localization confirms AVR as a smaller AVP receptor and confirms that PYPAF5 is also membrane bound and binds vasopressin with high affinity but not ANG II, and hence is a non-AVR (NAVR). Moreover, signal transduction pathway analysis demonstrates differential regulation of signaling proteins by AVR and NAVR consistent with unique roles in modulating renal salt-water balance and other physiological functions. Finally, promoter function reporter analysis detects testosterone-mediated induction, as well as synergistic testosterone-estrogen induction, concordant with known vasopressin sexual diergic effects. Altogether, data confirm AVR and identify NAVR as V2-type vasopressin receptors-thus expanding the molecular basis of increasingly complex vasopressin-mediated functions not attributable to prototype V1a, V1b, or V2 receptors and mandating further investigation as receptors.
MATERIALS AND METHODS
Characterization of rat NAVR cDNA. NAVR cDNA was amplified by RT-PCR from Dahl R/JRHsd rat kidney poly(A) ϩ RNA (forward primer: 5Ј-TGC-ATC-TGA-GAG-CTA-GAT-CC-3Ј; reverse primer: 5Ј-AGA-CTA-ACC-TCC-GAG-TGT-CC-3Ј) and subsequently subcloned into the PT-vector system (Clontech, Palo Alto, CA). Primer sequences were obtained from the rat genomic sequence spanning NAVR and AVR transcription units (NCBI ID NC_005100.2). The 2,906-bp-long cDNA encompassing the entire NAVR amino acid coding region was then sequenced on both strands.
NAVR expression and membrane preparation. The NAVR cDNA was subcloned directionally (5Ј to 3Ј) into the pcDNA(ϩ) expression vector (Invitrogen, Carlsbad, CA) and transiently expressed in Cos1 cells (ATCC). Cos1 cells were transfected with the expression vector via lipofectin-mediated gene transfer, and cell membranes were isolated 72 h after transfection for hormone binding.
Rat kidney membranes were prepared essentially as described previously (26) . Cos1 cell membranes were isolated as described previously (18) . Briefly, cells were washed twice in phosphatebuffered saline (PBS) and homogenized in 10-fold ice-cold buffer (0.25 M sucrose, 1 mM EDTA, 50 g/ml aprotinin, 10 g/ml leupeptin, 100 M phenylmethylsulfonyl fluoride, 25 mM imidazole HCl, pH 7.4). The homogenate was centrifuged at 5,000 g for 15 min, and the pellet was discarded. The supernatant was then centrifuged at 27,500 g for 30 min, and the resulting pellet was washed twice in ice-cold suspension buffer (mM: 5 MgCl 2, 0.2 EDTA, 50 HEPES, pH 7.4). The final pellet was resuspended in the appropriate assay buffer and quickly frozen in liquid nitrogen. The membrane preparations were stored at Ϫ80°C until use. Protein concentrations of the membranes were determined by bicinchoninic acid (BCA) protein assay kit (Pierce).
Radioligand binding assays. Binding of 125 I-Tyr
4
-ANG II to NAVR-expressing Cos1 membranes was performed by a rapid filtration method as described previously (28) . Briefly, 125 I-Tyr 4 -ANG II (1-10 nM) was incubated with membranes (100 g) for 20 min at 37°C in 100 l of buffer A (5 mM MgCl 2, 0.2 mM EDTA, 10 mg/ml BSA, 10 mM HEPES, pH 7.4). Binding reactions were terminated by the addition of 1 ml of ice-cold buffer A, immediately filtered through a Whatman GF/C filter (presoaked overnight at 4°C in 10 mg/ml BSA), and subsequently washed with 15 ml ice-cold buffer A. Specific binding was determined as the difference between the total radioactivity bound to membranes and the radioactivity bound to blanks containing 10 M ANG II. Binding of [ 3 H]AVP to NAVR-expressing Cos1 membranes was performed by a rapid filtration method. Briefly, [ 3 H]AVP (1-10 nM) was incubated with membranes (100 g) for 60 min at 24°C in 100 l of buffer B (1 mM MgCl 2, 1 mg/ml BSA, 10 mM Tris ⅐ HCl, pH 7.5). Binding reactions were terminated by the addition of 1 ml of ice-cold buffer B, immediately filtered through a Whatman GF/C filter (presoaked overnight at 4°C in binding buffer B), and subsequently washed with 15 ml of ice-cold buffer B. Specific binding was determined as the difference between the total radioactivity bound to membranes and the radioactivity bound to blanks containing 10 M AVP. The dissociation constant (K d) and maximum ligand-binding site density (B max) were determined by Hill plot analysis (46 Western blot analysis and immunohistochemistry. A polyclonal rabbit anti-peptide antibody raised against the AVR synthetic peptide K 592DELKDEE599 (NAVR amino acid numbering; see Fig. 3 ) was utilized for Western blot analysis (47) . Kidney membranes (40 g protein/lane) were subjected to 10% SDS-PAGE, and the separated proteins were electrotransferred onto polyvinylidene difluoride (PVDF) membranes, which were incubated with blocking buffer (0.3% Tween 20, 5% nonfat milk, 137 mM NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4, and 1.5 mM KH2PO4, pH 7.4) for 2 h at room temperature and then incubated with primary antibody (1:200) for 16 h at 4°C. The PVDF membranes were then sequentially incubated with biotinylated goat anti-rabbit IgG, followed by immunostaining with horseradish peroxidase-linked streptavidin.
Immunohistochemistry was done as described previously (20) with the following specifics: anti-NAVR/AVR antibody was used at 1:20 dilution, primary antibody was incubated overnight at 4°C, diaminobenzidine (DAB) chromogen was used to detect immunostaining, Mayer's hematoxylin was used as counterstain, preimmune serum (1:20) and antigenic peptide (K592DELKDEE599) at 100ϫ molar excess concentration were used as negative controls, and rat-specific tissue array was used with duplicate tissue-specific cores. The exposure of multiple tissue cores in duplicates validates comparative analysis.
Northern blot analysis. Northern blot analysis was performed essentially as described previously (47) . Poly(A) ϩ RNA was prepared from different tissues from Sprague-Dawley rats. Poly(A) ϩ RNA (4 g/lane, except 1 g for kidney and lung samples in blot hybridized with the common cDNA probe) was size separated on a 1% agarose formaldehyde gel, transferred to nitrocellulose, and hybridized to single-stranded 32 P-labeled probe made by PCR in the presence of [␣-
32 P]dCTP. For the common cDNA probe (nucleotides 1-1798 of the NAVR sequence; GenBank accession no. DQ631800) we used a reverse primer corresponding to nucleotides 5Ј-TCTGCTCCTACT-GTCGCCAC-3Ј (1798-1779 of the NAVR sequence; GenBank accession no. DQ631800), and for the NAVR-specific cDNA probe (nucleotides 1-316 of the NAVR sequence; GenBank accession no. DQ631800) we used the reverse primer 5Ј-TCCTTGAGTCGCAAC-GACAC-3Ј (316-297 of the NAVR sequence; GenBank accession No. DQ631800). Blots were hybridized for 36 h and exposed for 2 and 7 days at Ϫ80°C with intensifying screens for the common and NAVRspecific blots, respectively.
Establishment of Cos1-AVR and Cos1-NAVR stable transfectants. For AVR and NAVR expression, the full-length rat AVR and rat NAVR cDNAs were subcloned directionally (5Ј to 3Ј) into the pcDNA(ϩ) expression vector with neomycin resistance as the basis for transfection-positive selection (Invitrogen). Cos1 cells were transfected with the expression vectors via lipofectin-mediated gene transfer and isolation of neomycin-resistant stable transfectants for AVR and Cos1-AVR, and for NAVR Cos1-NAVR was done in the presence of Geneticin (400 g/ml, selection; 200 g/ml, maintenance). Since Cos1 cells do not have endogenous AVR or NAVR, stable transfectants are specific for the receptor expressed. This allows the dissection of AVR-specific and NAVR-specific subcellular localization and ligand-activated signaling pathways in Cos1-AVR and Cos1-NAVR cell transfectants, respectively.
Confocal microscopy analysis. Stable Cos1-NAVR and Cos1-AVR transfectants were grown onto separate cell culture coverslips until the cultures reached 60% confluence. Cells were subsequently fixed with 4% paraformaldehyde and then briefly permeabilized for 10 min with 0.1% Triton X-100. Cells were then blocked with 3% normal goat serum (Invitrogen) for 30 min at room temperature, followed by incubation with polyclonal anti-NAVR/AVR antibody raised against the NAVR/AVR synthetic peptide K 592DELKDEE599 (NAVR amino acid numbering; see Fig. 3 ) (47) at a concentration of 3.65 g/ml for 30 min at room temperature. Excess antibody was washed with PBS, followed by secondary antibody incubation using Alexa Fluor 594 (Invitrogen) and finally nuclear counterstaining using Hoescht 33342 (Invitrogen). Slides were mounted with Prolong Gold Anti Fade mounting medium.
Immunofluorescent labeling of cells was viewed at ϫ60 oil immersion with the Nikon Eclipse TE-2000E high-precision multimode inverted epifluorescent microscope of the Boston University Medical Center Multi-Photon Imaging Core. To validate localization of the signals, automated Z stacks were recorded on the region of interest containing the viewed cell(s) at 0.30-m intervals of x-y planes from the top to the bottom of the cell. This was followed with deconvolution of every frame with Nikon NIS Elements software using 20 iterations in a field with low noise. Resulting images were then documented.
Characterization of NAVR/AVR 5Ј-regulatory region and transcription start sites. Using a cDNA probe encompassing the 5Ј region of the NAVR cDNA, we isolated a 28-kb genomic clone containing the rat NAVR/AVR gene from a Dahl R EMBL3 rat genomic library. A 3-kb XhoI-HindIII restriction fragment was subcloned into psp73 plasmid vector and sequenced in its entirety. Analysis for core promoter elements was then done with the following consensus sequences: TATA box, TATA A/T A A/T; TIIB-response element (BRE), G/C G/C PuCGCC; initiator (INR) at ϩ1, PyPyA ϩ1 N T/A PyPy; downstream promoter element (DPE), PuG A/T C/T GTG; functional range set for DPE (DPE*), A/G/T C/G A/T C/T A/C/G C/T (12, 34) . Analysis of Sp1 site, CCACCC or GGCGGG, is important since the presence of Sp1 stimulates TFIID interaction with the INR in the absence of a TATA box (29) . To investigate putative sexspecific transcriptional regulation, the androgen response element (ARE) 5Ј-GGTAC A/G CGGTGTTCT-3Ј (14) and the estrogen response element (ERE) 5Ј-GGTCANNNTGACC-3Ј (32) were also analyzed. For all, N is any nucleotide, Pu is purine, and Py is pyrimidine.
Determination of the ϩ1 transcription start site was done for AVR with Marathon-Ready rat kidney cDNA, which is ligated to the Marathon adaptor and ready for use as a template in 5Ј Marathon rapid amplification of cDNA ends (RACE) reactions. The upstream adaptor primer (provided by Clontech: 5Ј-CCATCCTAATACGACTCAC-TATAGGGC-3Ј) and the downstream AVR reverse primer (5Ј-GAACTGTGCTTGATGCTTCAGGATGC-3Ј) were utilized for cDNA amplification per manufacturer's specifications (Clontech). 5Ј-RACE cDNA fragments were then cloned and sequenced to identify the ϩ1 start site. The ϩ1 start site for NAVR was deduced from the identification of initiator site consensus sequence.
Multiplex analysis of signaling pathways by Ab-microarray. Analysis of ligand-dependent modulation of different signaling pathways by AVR and NAVR was custom performed by Kinexus, utilizing the Kinex antibody microarray system. We analyzed the effects of ANG II-AVR activation, AVP-AVR activation, and AVP-NAVR activation on multiplex signaling pathways after 30 min of ligand treatment, compared with the respective nonactivated AVR and NAVR in nontreated controls, using Cos1-AVR and Cos1-NAVR permanent cell transfectants, respectively. The Kinex antibody microarray system utilizes phospho-site-specific (tracking specific phosphorylation sites) and pan-specific (tracking protein expression) antibodies querying different signal transduction pathways implicated in multiple biological processes. For the present study, we used a single time point of 30 min and a single optimal dose for AVR and NAVR ligands based on binding affinity results (ANG II, 10 nM; AVP, 10 nM). Phospho-site-specific and pan-specific antibodies were arrayed in duplicates, with some in quadruplicates or six replicates. All fluorescent signals were normalized to background; only values exhibiting signal-to-noise ratios of 1.5-fold or greater and with percent error between duplicates Ͻ20% were accepted. Data are presented as percent change from control (% CFC) or change detected after 30 min of Ang II or AVP treatment compared with nontreated transfectantmatched controls, respectively ( Table 1) .
Analysis of functionality of putative androgen and estrogen response elements. To evaluate transcriptional activity of putative ARE and ERE in the NAVR/AVR promoter region with sufficient 5Ј flanking sequences in order to avoid a false-negative result, we investigated testosterone-and estrogen-induced transcriptional induction of a promoter-reporter construct spanning a 2,795-bp XhoI-BsmBI genomic restriction fragment encompassing core promoter elements of NAVR (promoter 1a) and of AVR (promoter 1b) (see Fig. 6 ) plus 126 bp of AVR 5Ј-untranslated region (5Ј-ut). The genomic fragment was subcloned into the classical promoter-reporter pSV0CAT vector in the appropriate orientation to produce the NAVR/AVR 5Ј-regulatory region-CAT construct that was utilized in the transient transfection experiments. Cells were maintained in DMEM supplemented with 5% fetal bovine serum (FBS). Cells were switched to DMEM containing 5% charcoal/dextran-stripped FBS for 48 h before transfection. Cells at 70% confluence (300,000 cells in P-35 dishes) were cotransfected with 3.0 g of NAVR/AVR 5Ј-regulatory region-CAT construct plus 1.5 g of pSV2-␤-galactosidase (for internal control), using the DOTAP liposomal transfection reagent (Roche Molecular Biochemicals). After 6 h, cells were fed with fresh medium containing 5% charcoal/dextran-stripped FBS with testosterone at 1 g/ml and/or estradiol at 1 g/ml, or without hormones (control). After 48 h, cells were harvested and assayed for CAT activity with the CAT enzyme assay system with reporter lysis buffer (Promega). A portion of the protein extract was utilized for determination of ␤-galactosidase activity to normalize CAT activity.
RESULTS

Confirmation of AVR transcript start site and mRNA size.
A recent report showing overlap of AVR and PYPAF5 (4) or Nalp6 (GenBank), and concluding that AVR does not exist as a membrane-bound receptor but rather is part of a larger cytosol-specific PYPAF5 protein expressed only in leukocytes (17) , prompted us to investigate AVR and PYPAF (NAVR) RNA and protein size, cell-specific expression, subcellular localization, ligand affinities, and signal transduction pathways activated by AVR and NAVR on ligand-specific stimulation, respectively.
To determine that AVR is indeed a smaller and distinct transcript from the larger NAVR transcript, we identified the AVR transcription start (ϩ1) site from the nucleotide sequence of 5Ј-RACE-PCR products obtained from rat kidney poly(A) ϩ RNA. This identified a 267-bp 5Ј-ut for AVR downstream from the initiating methionine of NAVR ( Fig. 1) and determined a 2.354-kb transcript for AVR upstream from its cognate poly(A) ϩ tract. We next determined whether AVR exists as a transcript distinct from NAVR based on differences in size and tissuespecific expression. We performed RNA blot analysis of different rat tissue poly(A) ϩ RNA samples, using two singlestrand antisense DNA probes. First, we probed with a probe common to both NAVR and AVR, encompassing nucleotides 1-1798 of NAVR, corresponding to amino acids (aa)1-589 of NAVR and aa1-aa165 of AVR (see Fig. 3 ). If indeed AVR does exist as a smaller transcript, we expect a smaller-sized mRNA for AVR and a larger mRNA for NAVR to be detected with this common probe. Second, we probed with a singlestranded cDNA probe spanning nucleotides 1-316 of NAVR (aa1-95 of NAVR), which is unique to NAVR and hence expected to hybridize only to NAVR mRNA sequences. As shown in Fig. 2B the common cDNA probe detects not just two but several mRNA isoforms ranging from 2.5 to 6 kb in all tissues tested. The NAVR-specific probe hybridizes to the larger mRNA species detected with the common cDNA probe, except for the abundant 2.5-kb transcript in kidney (Fig. 2B ).
This suggests that the abundantly expressed 2.5-kb transcript, present only in kidney, corresponds to AVR and not to NAVR, thus confirming the former as a distinct transcript. These results are consistent with the notion that NAVR is expressed in all tissues tested and is encoded by multiple larger mRNA species reflecting multiple transcription RNA initiation sites. This contrasts with the smaller mRNA size corresponding to AVR that appears to be expressed primarily in kidney. These observations differ from the report by Grenier et al. (17) stating that NAVR has expression restricted to immune cells: T cells and granulocytes. We note that the study by Grenier et al. (17) was limited to tissue culture cell lines. The detection of NAVR in the brain total RNA samples on RNA blot analysis is consistent with the report by Hurbin et al. (25) detecting neuronal expression with an oligonucleotide probe common to NAVR and AVR.
Western blot analysis detects two polypeptides accounting for a smaller AVR and a larger NAVR. To confirm the existence of different-sized proteins for NAVR and AVR, we 1st to 3rd , with corresponding 5Ј untranslated region lengths (5Ј-ut), and transcription start sites (ϩ1 or A ϩ1 ). AVR transcription start site was determined by rapid amplification of 5Ј cDNA ends (5Ј-RACE) (A ϩ1 by RACE ). Other interacting response elements: ARE, androgen response element [5Ј-GGTACPuCGGTGTTCT-3Ј]; ERE, estrogen response element [5Ј-GGTCAnnnTGACC-3Ј]; Sp1 [5Ј-CCACCC or GGCGGG-3Ј]. bp, Base pairs; Ϫn, upstream from transcription start site; ϩn, downstream from transcription start site. As reference, restriction digest enzyme XhoI site is 700 bp from NAVR initiating methionine (ATG); BsmBI is 135 bp from AVR initiating methionine (ATG). Pu, purine; Py, pyrimidine; n, any nucleotide.
performed Western blot analysis of rat kidney membranes, using a rabbit polyclonal antipeptide antibody raised against K 592 DELKDEE 599 peptide (Fig. 3) , which spans a predicted extracellular domain of NAVR/AVR (47). This antibody should be able to detect two distinct polypeptides if they share this particular epitope. As shown in Fig. 2A , two distinct proteins were detected, one at ϳ100 kDa and a second at ϳ50 kDa consistent with the predicted molecular masses for NAVR (98.2 kDa) and AVR (50.6 kDa), respectively. We note that this experiment further corroborates that AVR is indeed a membrane-bound polypeptide as described previously (47) and furthermore that NAVR is also a transmembrane protein, regardless of the number of transmembrane domains being predicted (4) .
NAVR binds vasopressin but not ANG II.
Having detected NAVR in membrane proteins by Western blot analysis, we next determined whether NAVR also exhibits ligand binding properties similar to those of AVR. We isolated NAVR cDNA, confirmed its sequence, and then expressed it in Cos1 tissue culture cells. To characterize the binding properties of NAVR for AVP and ANG II we performed ligand binding studies on Cos1 cell membranes expressing the NAVR polypeptide. As shown in Fig. 2C , NAVR binds AVP with high affinity (K d ϭ 5.92 Ϯ 0.23 nM, B max ϭ 288.7 Ϯ 8.26 fmol/mg membrane protein), but, unexpectedly, specific binding to ANG II was not detected. This result suggests that the additional NH 2 -terminal domain present in NAVR (aa1-423; Fig. 3 ) compared with AVR renders the ANG II binding domain (aa791-799; Fig. 3 ) inaccessible to ANG II, presumably because of an NH 2 -terminal domain-induced conformational change masking the ANG II binding site-a hypothesis that needs further study.
Confocal microscopy analysis of Cos1-AVR and Cos1-NAVR cell transfectants. To further study the distinct identities of AVR and NAVR, as well as corroborate the observation that both are membrane-integrated proteins, we investigated the subcellular localization of AVR and NAVR. To distinguish AVR from NAVR, we developed permanent Cos1-transfectants expressing AVR alone (Cos1-AVR) and expressing NAVR alone (Cos1-NAVR). Confocal microscopy analysis using the anti-NAVR/AVR antibody detects AVR mostly in the cell membrane and to a lesser extent in the cytoplasm (Fig. 4A ) in Cos1-AVR cells. In contrast, confocal microscopy analysis of Cos1-NAVR cells detects NAVR in the cytoplasm and cell membrane (Fig. 4B ) and abundantly in the nuclear membrane as well (Fig. 4C ). These data corroborate that both AVR and NAVR are integrated membrane proteins, while also being present in the cytoplasm. Additionally, AVR is distinct from NAVR, since NAVR is detected in the nuclear membrane, whereas AVR is not.
Tissue-specific expression of AVR and/or NAVR. Since NAVR also exhibits vasopressin binding with high affinity similar to AVR, we next performed immunohistochemical analysis using a common AVR/NAVR immunogenic peptidespecific antibody. Analysis of multiple tissues detected membrane-specific and nuclear immunostaining of renal epithelial cells in medullary thick ascending limb of Henle (Fig. 5) , confirming previous studies (15) . Interestingly, we also detected NAVR/AVR immunostaining in salivary gland apical epithelium (Fig. 5) , distinct from negative controls (Fig. 5, 
E-H), as well as in other tissues, confirming RNA-blot analysis (data not shown).
Ligand-and receptor-specific signaling pathways. To demonstrate functionality of receptor binding, we investigated whether signal transduction pathways are activated/deactivated on ligand-specific stimulation of AVR and/or NAVR in respective permanent cell transfectants, Cos1-AVR and Cos1-NAVR cells. Multiplex analysis of signal transduction pathways using an Ab-microarray containing phosphorylation site-specific and pan-specific antibodies was done in order to detect and comparatively analyze phosphorylation or dephosphorylation of signaling proteins involved in multiple signal transduction pathways (40) . Signaling arrays validate comparative analysis because of the simultaneous detection under identical experimental conditions (6, 40) .
We analyzed Cos1-AVR and Cos1-NAVR signaling profiles, referenced to control nontreated Cos1-AVR and Cos1-NAVR cells, respectively, after 30-min treatments with ANG II (ANG II-Cos1AVR) and with AVP (AVP-Cos1AVR and AVP-Cos1NAVR). After normalizing to background, and taking only 1.5-fold changes with Ͻ20% error between duplicates or among four to six replicates, multiplex signaling analysis by Ab-microarray detected distinct phosphorylated/dephosphorylated/signaling profiles (repeated-measures ANOVA P Ͻ 0.04; Table 1 ). Interestingly, some signaling molecules are diametrically phosphorylated/dephosphorylated in Cos1-AVR cells by ANG II compared with AVP, while some are coactivated or co-deactivated as well (Table 1 ). These data demonstrate that AVR activates different signal transduction pathways in a ligand-specific manner, which could underlie ANG II-and AVP-specific renal functions. Additionally, AVP treatment of stable Cos1-NAVR cells activated its own unique set of signaling pathways compared with AVP-AVR activation (Table  1) , although a significant number of signaling proteins are activated in a similar manner (Table 1) . Together, the results show that AVR and NAVR are distinct receptors with differential ligand-specific signal transduction profiles. Genomic organization of NAVR/AVR gene. Based on the rat genomic (NCBI ID NC_005100.2) and corresponding NAVR and AVR cDNA sequences, we delineated the intron/exon organization of rat NAVR and AVR transcription units (Table 2 ; Fig.  1 ). NAVR is encoded by 8 exons with a predicted 880-amino acid-long polypeptide. We note that AVR encompasses a portion of exon 4 plus exons 5-8 of NAVR containing 457 amino acids (Fig. 3) . Comparative analysis suggests the AVR initiation methionine at aa424 of NAVR (Fig. 3) rather than aa400 as previously reported (47), since aa400 in the mouse sequence is not a methionine (unpublished data). We note that the AVR sequence (47) is smaller and contained within NAVR's amino acid residues 424-880, depicting NAVR and AVR as another example of the growing list of overlapping genes (37) . Based on the overlapping genes concept, the detection of AVR within NAVR in no way precludes AVR's existence as a structurally and functionally distinct protein.
To identify the mechanism for distinct transcripts with shared portions, we investigated the promoter regions for NAVR and AVR. Analysis of genomic sequences identified two promoter regions defined by core promoter elements within the NAVR/AVR gene: 1a and 1b (Fig. 1) . Identification of two core promoter regions could account for the production of NAVR and AVR as distinct transcripts based on the mechanism of alternative promoter usage (35) . Analysis shows that both promoter regions (1a and 1b, Fig. 1 ) contain core promoter elements, albeit with different compositions and arrangements. AVR promoter does not have a TATA box but contains an initiator consensus sequence in the ϩ1 start site identified by RACE, thus corroborating this start site, a DPE, and an Sp1 site (Fig. 1) . Both the DPE and Sp1 sites are known to enhance efficiency of transcription at initiator sites in TATA-less promoters (7, 10, 29, 52) . Interestingly, the core promoter of AVR (promoter 1b, Fig. 1 ) localizes within NAVR's exon 4. Sex steroid hormones modulate NAVR/AVR transcription. Moreover, we detect consensus sequences for androgen (14) and estrogen (32) transcription regulatory elements (Fig. 1) within the NAVR/AVR gene, thus suggesting that sex steroid hormones might regulate NAVR/AVR transcription. Since vasopressin elicits sex-specific morphological and functional differences (45), we investigated the functionality of the putative ARE and ERE identified in the NAVR/AVR promoter region. While the ARE is upstream to both core promoter regions, the ERE is upstream to AVR's promoter but intronic between exon 2 and 3 in NAVR's. Nevertheless, because functional transcriptional regulatory elements are also documented to be intronic, we investigated functionality of both ARE and ERE, especially since sexual diergic effects of vasopressin have been described (45) but have not been elucidated at the transcriptional level.
Since NAVR/AVR transcripts were detected in neuronal systems in rat brain (25) , and since sex-specific vasopressin effects on neurological functions have been reported (45), we assayed the NAVR/AVR 5Ј-regulatory region in brain-derived tissue culture cells, Neuro2A cells. Cells were grown in medium devoid of steroid hormones by using charcoal/dextranstripped FBS. Either testosterone or estradiol was then added exogenously, alone or in combination, to test their ability to modulate NAVR/AVR promoter-CAT-driven activity. A priori, we would expect that cell lines expressing endogenous androgen receptors and/or estrogen receptors would be able to modulate NAVR/AVR promoter-CAT activity. We tested promoter activity in Neuro2A (mouse neuroblastoma cell line) cells essentially as described previously (19) . For this purpose, the 2,795-bp XhoI-BsmBI restriction fragment (Fig. 6A) encompassing promoters 1a and 1b plus 126 bp of AVR 5Ј-ut, was subcloned into the pSV0CAT vector in the appropriate orientation to produce the NAVR/AVR 5Ј-regulatory region-CAT construct that was utilized in the transient transfection experiments.
As shown in Fig. 6B , the NAVR/AVR promoter-CAT construct was active in neuronal cells, showing a robust activity in the presence of testosterone with a mild activation in the presence of estradiol when compared with basal conditions (no hormone added). Interestingly, when Neuro2A cells were grown in the presence of both hormones, the hormone-stimulated CAT activity was significantly larger than the simple addition of the corresponding independent specific hormonestimulated CAT activities (Fig. 6B ). These results demonstrate that testosterone and estrogen can synergistically stimulate the NAVR/AVR promoters.
DISCUSSION
AVR and NAVR are distinct transcripts from type b-iv alternative promoter usage. Cumulative reports of multiple genes within a locus, be it on opposite DNA strands or overlapping on the same DNA strand, have solidified the concept of overlapping genes such that the definition of a one-gene/one-protein has been changed (37, 43, 53) . In parallel, the use of alternative promoters by genes provides one mechanism for the generation of overlapping genes/transcripts from a single locus that could have different 5Ј-ut but identical amino acid sequence like CP19 and p18, or have different NH 2 termini like PPAR-␥ and p73, or altogether different proteins as seen for p21 and p21b (35) . These precedents support our observations that AVR is distinct based on the identification of the ϩ1 RNA start site for AVR by 5Ј-RACE, by the detection of differences in mRNA and protein sizes as well as in tissue-specific expression patterns that distinguish AVR from NAVR. Additionally, others have detected AVR/NAVR common sequence in neurons (25) and kidney (13) , thus refuting the report that expression of NAVR is highly restricted to T cells and granulocytes (4, 17) .
The pattern of alternative promoter usage seen in AVR and NAVR genomic organization is type b-iv, in which the use of multiple promoters produces mRNAs that encode protein isoforms differing in their NH 2 termini (35) . Interestingly, the ANG II-binding (AVR) and non-ANG II binding (NAVR) functional difference between AVR and NAVR recapitulates polar functional differences observed in other type b-iv alternative promoter usage genes, such as p73/deltaNp73 and p63/ deltaN-p63 (35) . Additionally, the distinct tissue-specific expression pattern between AVR and NAVR recapitulates the differential tissue specific expression of other type b-iv alternative promoter usage genes such as neuronal nitric oxide synthase (Nos1) and DNA (cytosine-5)-methyltransferase 3-␣ genes (35) . Altogether, the existence of AVR as a distinct transcript and protein is confirmed.
AVR and NAVR as part of diverse vasopressin receptor family. Altogether, the detection of high-affinity binding to vasopressin for both AVR (47) and NAVR as well as cell membrane localization for both by confocal microscopy and Western blot analysis of membrane-bound protein isolates suggest that NAVR is also a V2-type vasopressin receptor like AVR. This is concordant with the fact that AVR's deduced functional domains, vasopressin binding site, G s interaction site, and phosphorylation sites are contained within the NAVR polypeptide. Additionally, multiplex signaling Ab-microarray analysis detects vasopressin-induced phosphorylation of PKAR2a (cAMP-dependent protein-serine kinase regulatory type 2 subunit ␣) by NAVR and PKA-R2b (cAMP-dependent protein-serine kinase regulatory type 2 subunit ␤) by AVR ( Table  1) , both of which are components of cAMP-dependent protein kinases involved in modulation of vasopressin-regulated water channels (39) , thus supporting their respective V2-type receptor status.
Importantly, the confirmation of AVR and identification of NAVR as V2-type receptors are concordant with emerging observations that indicate that there are V2-type AVP-mediated functions that are not accounted for by the prototype V2 vasopressin receptor. More specifically, Gouzenes et al. (16) demonstrated that V1a-and V2-type receptors mediate vasopressin responses in isolated vasopressinergic rat supraoptic neurons; however, the V2 receptor was not detected in supraoptic neurons (24) , thus suggesting that other V2-type receptors must underlie V2-type mediated functions. Concordantly, Hurbin et al. (25) detected AVR/NAVR transcripts by oligonucleotide in situ hybridization in supraoptic magnocellular neurons along with another vasopressin isoreceptor, the vasopressin-activated calcium mobilizing-1 receptor.
Nevertheless, the emerging picture of multiple vasopressin functions not attributable to prototype V1a, V1b, and V2 receptors supports the emerging picture of other vasopressin receptors. Furthermore, the lack of homology and diverse molecular structures of all vasopressin receptors to date, V1-type receptors [V1a, V1b, vasopressin-activated calcium-mobilizing-1 or VACM-1 (5), single-transmembrane domain-AVP receptor (21) ] as well as V2-type receptors [V2, AVR, and NAVR], recapitulates the multireceptor/coreceptor superfamily that binds and interacts with VEGF-A such as VEGFR1, VEGFR2, heterodimers of VEGFR1/R2, and neuropilin-1 (42) . As with the VEGF multireceptor family, all vasopressin receptors should be studied comprehensively, individually, and in the context of each other. As with VEGF receptors, the existence of one does not negate the existence of the others.
Insights from signal transduction profiles. While more indepth studies are needed, the specific activation of multiplex signaling reveals receptor functionality for both AVR and NAVR. Additionally, the distinct signaling pathway profiles activated by AVR and NAVR in Cos1 cells give insight into differential putative roles for these receptors in the modulation of physiological functions known to be mediated by said signaling pathways, such as renal sodium-water balance, glucose and lipid metabolism, apoptosis, and cell cycle regulation (Table 1) .
Notably, different subunits of cAMP-dependent protein kinase (PKA) are differentially phosphorylated by ANG II-AVR, AVP-AVR, and AVP-NAVR activation (Table 1) . These observations are consistent with V2-type receptors being coupled to cAMP (39) and with the report of Dulin et al. (9) that ANG II can activate PKA, albeit in a cAMP-independent manner. Moreover, the phosphorylation of JAK2 (Janus protein-tyrosine kinase 2), Jun (Jun proto-oncogene-encoded AP1 transcription factor), PKCb2 (Protein-serine kinase C␤2) and Src (Src protooncogene-encoded protein-tyrosine kinase) signaling proteins, known to be involved in ANG II-dependent regulation of water/salt balance (1, 38), on ANG II-AVR activation suggests that AVR, an AT 1 receptor subtype (15) , might contribute to as well as underlie these ANG II physiological effects (1, 38) . Additionally, the phosphorylation of IR (insulin receptor) and IRS1 (insulin receptor substrate 1) on Ang II-AVR activation is concordant with reported "cross talk" between ANG II and insulin-signaling pathways (2, 11) , thus suggesting the hypothesis that AVR could underlie the reported "cross talk" between ANG II and insulin-signaling pathways that occurs at the level of IRS proteins (11) . These concordances, along with the data demonstrating that AVR is distinct from NAVR and that both are vasopressin receptors, validate the hypothesis that AVR and NAVR play important roles and could underlie complexities in ANG II-and AVP-mediated physiological effects not explained by prototype AT 1a,b and AT 2 ANG II receptors or V1a,b and prototype V2 AVP receptors.
Sex steroid hormone regulation of AVR/NAVR. The transcriptional modulation of AVR/NAVR 5Ј flanking regulatory Fig. 6 . Reporter function testing of androgen (ARE) and estrogen (ERE) response elements. A: diagram of promoter-reporter DNA construct testing functionality of sex steroid response elements ARE and ERE. A 2.795-kb XhoI to BsmBI restriction DNA fragment spanning both NAVR and AVR promoter regions, ARE and ERE (Fig. 1) , was used for transcriptional regulatory element reporter function analysis. B: transcriptional activity of the NAVR/AVR promoters in Neuro2A cells. The experiment included 4 conditions: control conditions (no hormone added; C); testosterone added (final concentration ϭ 1 g/ml; T); estradiol added (final concentration ϭ 1 g/ml; E); 1 g/ml testosterone ϩ 1 g/ml estradiol (T ϩ E). Background CAT activity (determined from mock-transfected cells) was subtracted from each experimental data point. Each experimental condition was tested in quadruplicate. Data are shown as means Ϯ SE. region through reporter function assays indicates sex-specific upregulation of AVR and/or NAVR. The robust induction by testosterone in contrast to estrogen is concordant with observations by Gerhold et al. (13) detecting upregulation of AVR in Dahl salt-sensitive male rats in response to salt but not in age-matched females. We note that in the microarray analysis, the V1a, V1b, and V2 receptors were not reported to be upregulated. Together, these observations suggest the hypothesis that renal AVR and/or NAVR play a key role in sodium response in a sex-specific manner. Furthermore, the synergistic increased induction by testosterone and estrogen of AVR/ NAVR transcription suggests the hypothesis that the ratio of testosterone and estrogen plays a role in AVR/NAVR transcriptional regulation, since estrogen by itself did not induce AVR/NAVR transcription. Since AVR has been associated with salt-sensitive hypertension in F2 intercross male rats (22) , the data suggest that the sex-specific upregulation of AVR/ NAVR could play a role in salt-sensitive hypertension in males. Furthermore, when the ratio of testosterone to estrogen increases in postmenopausal women, the upregulation of AVR/ NAVR could contribute to the increase in hypertension susceptibility. Further study of these putative mechanisms of sex-specific differences in hypertension progression becomes imperative.
AVR/NAVR in context of apoptosis of magnocellular neurons. Intuitively, AVR and/or NAVR, as the vasopressinreceptor(s) detected in magnocellular neurons of the supraoptic and paraventricular nuclei of the hypothalamus (25) , could possibly underlie the apoptosis of said vasopressinergic neurons resulting from prolonged overstimulation in chronic diabetes mellitus observed by Klein et al. (31) through a putative autocrine/paracrine feedback loop. As putative proapoptotic vasopressin receptors, AVR/NAVR could present a counterbalance to the putative apoptosis inhibitory role of V1a receptor in vasopressinergic neurons, deduced from V1a's apoptosis-inhibitory role in rat glomerular mesangial cells (23) . These observations support the hypothesis that diabetes insipidus results from the loss of vasopressinergic neurons via the loss of homeostatic balance between antiapoptotic V1a receptors and proapoptotic AVR/NAVR receptors, both of which are expressed in vasopressinergic neurons in supraoptic and paraventricular nuclei (24, 25) .
In summary, the confirmation of AVR and identification of NAVR as vasopressin receptors provide additional receptor diversity concordant with the emerging complexity of vasopressin functions not attributed to prototype V1a, V1b, and V2 receptors. Multiplex signaling pathway analyses suggest the hypothesis that AVR and NAVR contribute to ANG II-and AVP-mediated regulation of renal salt-water balance, glucose and lipid metabolism, apoptosis, and/or cell cycle. Moreover, the data provide new insight into vasopressin receptor regulation and sexual diergic effects through sex steroid-specific transcriptional regulation of AVR/NAVR promoter region. The detection of plasma and nuclear membrane expression suggests a more complex role involving nuclear translocation for NAVR. Clearly, parallel to the VEGF multireceptor system, vasopressin has multiple, diverse receptors concordant with its increasing complexity of functions. Much study needs to be done after this critical step forward confirming AVR and identifying NAVR as vasopressin receptors.
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